General requirements for a vertically focusing negative .magnetic gradient region near the cyclotron center are state_d. Cone shapes were studied with computer program CENREG (IBM 7C4) and with magnetic mea.su.rements in a fifth-scale model magnet. Prineipal parameters studied were vertical and radial focusing. particle phase slip, and magnetic first harmonic.
Introduction
Midway through our studies we learned of the beneficial electric focusing resulting from starting ions late with respect to the peak of the rf, as reported l .
3 . by Smith ). Willax ) studied the application of this principle to our cyclotron.
He foWld that with an initial lagging phase of + 30 deg the vertical oscillation frequency "z decreased rapidly with radius, becoming less than 0.1, our design .. goal minimwn, at about 3 in. radius. In our cyclotron. flutter is t Work done under the auspices of the U.S. Atomic Energy Commission.
-l- UCRL-10072 negligible at less t11an 4 in. radius (see fig. 1 ). and flutter focusing does not become adequate until about 7-1/2. in. radius. To maintain v greater than z 0. 1 between 3 in. and 7 .. t/Z in. required a conical magnetic field to provide a focusing radial gradient.
For the purpose of discussion the effeet of field shape on focusing and phase can be estimated from a knowledge of the radial variation of field flutter ( fig. 1 ). and from an examination of some approximate equations governing particle behavior near the 'cyclotron center. . The approximate equations are:
sin rp = sin ¢> + (I</ AE) a v and" are the vertical and radial oscillation frequencies, z r · n is ~he field index (-R/B) ·~ , · lw
4l is the phase angle between a pal'ticle and the peak of the dee voltage (¢ is positive when the particle lags the dee voltage).
~, is the phase angle of ions a.e they leave the ion source. a
Ha is the radial location of ~he ion source using more refined equations than stated above. For our variable -energy machine ·;'.it ·,wa.s "~;necessary to consider the center·region field shape at field levels ranging from 8 to 16-1/2 kG. At all fields the goal is to achieve sufficient vertical focusing without excee-ifive phase excursion, and to cross v = 1 rapidly. It is easier to meet these requirements r at low field than at high field. At low field, for the same absolute cone shape, as field level decreases focusing increases, phase slip is less, flutter focusing starts building up a.t a smaller radius and at a faster rate, and v crosses 1 r at a faster rate than at high field. In addition to these factors the profilecorrecting trim coils have slightly more control over cone shape at low field than at high Because the cone shape is more critical at high field we concentrated on the high-field case in our optimizing studies. To insure that lower field profiles were suitable, we attempted to make the center profile (with trim coils off) about the same at all field levels.
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The high-field cone shape selected as our goal is curve 79 in fig. 3 .
It has a maximum gradient of about -100 G/in. a.t 3 in. radius in the field, and a. smooth termination at about 8-in. radius. To achieve this profile. iron-. shaping studies in the rnodel were undertaken. Figure 7 shows some of the '" results of these. studies. Before discussing the significance of these curves, · it is necessary to describe the geometry of the center region. (See fig. 8 . )
The dominant feature of the center region is a pair of 8-in. -ldia.m iron plugs 13 in. long, situated at the gap end of a pair of axial holes through the two poles of the magnet. The upper-pole-tip hole contains the ion-source tube and a mechanism to permit moving the ion source radially and azimuthally within l-1/2 in., of the magnet center 6 ) The lower-pole-tip hole has no other purpose than to preserve symmetry in the iron. The requirement for mobility of the ion source ruled out the originally planned extension of the hills over the center plateau (the ia.ce of the 8·in. plug) This change had little effect on flutter but had coneiderable effect on center profile. With the removal of these obstructions to vertical adjustment of the center plugs, the conical field shape could be easily changed by changing the height of the center plateau. In our model studies we found that when the plateau height was adjusted to give an adequate cone a.t high field, the low-field profile had an undesirable rise at 4 in,. radius. In the process of overcoming this difficulty, magnetic meas· urements were made of the effect of modifications to the center plug, the inner ends of the hills, and the valleys next to the center plug. Figure 9 is a photo-· graph of the removable center region of the fifth-scale model as it appeared at the conclusion of testing. An earlie1· version, with laminations for adjusting the height of hills and valleys. was used in making the above measurements.
The problem of getting the desired cone at all field levels was finally solved by ari iron configuration which also helped reduce the magnetic first harmonic produced by the ion-source hole. In its final form ( fig. 8 ,.,. ... .,.,.
• JJJ Control of oscillation amplitl!lde requires that in the region near 5-1/2.
in. radius where "r= 1, the magnetic first harmonic must be very small. closer to the midplane. Local compensation, consisting of a ring of iron around the edge of the hole, was unsatisfactory for two reasons: (a) the effect of the hole was much broader than .the effect of the ring. and (b) the effect of the hole was much greater at l;ilgh field than low field, but the ring had about the same effect at all field levels. A more satisfactory solution was to substitute iron for the nonmagnetic parts of the ion source within the pole tip wherever possible.
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V\Then the limiting ease of two 1/Z-in. holes for the arc electrodes ~as studied in the·model, the maximwn perturbation was 15 to 19 G, and the maximwn first harmonic at 5 in. radius was 3·1/2 to 5. G. These values were for the 16-kG field level (at low field the effect of. the holes was negligible). Since local compensation, raising the ion·souree irou slightly above the surrounding plateau. had an equal magnetic effect at low and high field. correcting one .. half the first harmonic at high field would increase the first harmonic at low field by an equal amount. 'rhis plan was superseded by a modification that considered the variation is cone ehape with field level in addition to harmonic correction.
The new plan was to cover the center plateau with a magnetically symmetrical array of dummy ion-source holes capped with iron cylinders ( fig. 11 ).
Thi:s plan simplified ion-source construction, and brought the ma1netic compensatioft of the ion source within tolerance at all field levels.
The principal remaining di£fieulty was to find an array of capped holes that would retain minimum first-harmonic structure during counter rotation of the eccentrically mounted plugs. Since the a .. in. plug is concentric with the origin, its magnetic effect can only change in azimuth, and the problem can be separated into two parts. First, find an array on the S-in. plug that has circular symmetry about the center o£ the 5-in. plug; then find an array on the 8-in. plug that cancels the first-harmonic contribution of the 5-in. plug array. To simplify magnetic measurements, the array was to have a minimum o! second harmonic as well. Thio factor, together with geometry considerations of hol~ sizes, and with Berkeley code OORO 9 ).
Studies of center-region iron geometry necessary to produce the same conical magnetic field at all operating field levels showed that magnetically saturated elements on the center plateau were needed. The uniformity of center field shape with field level was greater in the fuU-ecale magnet than in the model.
The degree of uniformity was greater than needed. Trim-coil adjustment of cone termination allows considerable flexibility in choice of focusing and rate of crossing v = 1. Cyclotron operations to date have not tested the full range r of this flexibility. ' .. ' .. 
